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This paper proposes a technique for estimating the storage requirements of the Rectangular
Corner Stitching (RCS) data structure [Ousterhout 1984] and the L-Shaped Corner Stitching
(LCS) data structure [Mehta and Blust 1997] on a given circuit by studying its (the circuit’s)
geometric properties. This provides a method for estimating the storage requirements of a
circuit without having to implement the corner stitching data structure, which is a tedious
and time-consuming task. This technique can also be used to estimate the amount of space
saved by employing the LCS data structure over the RCS data structure on a given circuit.

Categories and Subject Descriptors: B.7.2 [Integrated Circuits]: Design Aids—layout; E.2
[Data]: Data Storage Representations—linked representations; F.2.2 [Analysis of Algo-
rithms and Problem Complexity]: Nonnumerical Algorithms and Problems—geometrical
problems and computations

General Terms: Algorithms

Additional Key Words and Phrases: Corner stitching, data structures, L-shapes, memory
requirements analysis, rectangle, rectilinear polygons

1. INTRODUCTION
When a CAD systems designer considers adopting an existing software tool
or algorithmic technique for his/her CAD system, it is useful to have
additional data on the performance characteristics and resource require-
ments of that tool/technique. Examples include computation time on estab-
lished benchmarks, memory and hard disk requirements, OS requirements,
etc. Accurate estimates of these quantities are used to choose among the
various technologies. Correct choices translate into money or time saved.
The better the estimate, the more informed the decision. In this paper we
provide a mechanism for accurately estimating the storage requirements of
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the Rectangular Corner Stitching (RCS) and L-shaped Corner Stitching
(LCS) data structures on a given layout. Memory requirements are partic-
ularly relevant in the context of VLSI layouts because of the large number
of components contained in a single layout. If the amount of memory
required by a layout using a particular data structure exceeds the memory
available on the system, it may not be possible to process the layout on that
system. Even if there is sufficient memory, the amount of memory required
by the layout could have some bearing on software runtime. (For example,
a data structure that uses less memory might require fewer disk swaps
than a data structure that requires more memory.) A memory estimator is
especially useful in software that uses dynamically allocated data struc-
tures. The estimate can be used to allocate memory for the entire data
structure once at the beginning of the computation. The alternative, of
allocating memory incrementally during the computation, can degrade
software performance because of the overhead caused by fragmentation.
Thus, the estimator proposed in this paper would enable a CAD systems
designer to make an informed choice regarding the data structuring tech-
nique.

Unlike simpler data structures such as arrays and linked lists, it is not
trivial to accurately estimate the storage requirements of RCS and LCS.
For example, if n items are inserted into a linked list, then the amount of
storage required is n multiplied by the number of bytes required by a single
list node. Corner stitching has the unique property that the insertion of n
rectangles does not imply that there are n nodes in the data structure. The
exact total number of nodes in the data structure is considerably more than
n and depends on the relative positions of the n rectangles, and in LCS, on
the order in which they are inserted!

We begin by briefly reviewing the corner stitching data structure and its
variants. Corner stitching is a data structuring technique proposed by
Ousterhout [1984] for representing rectangular tiles in interactive VLSI
layout editing systems, and was used to implement the Magic system
[Ousterhout et al. 1984]. It allows fast, localized algorithms for a variety of
interactive and batch operations [Ousterhout 1984]. Corner stitching was
subsequently extended to trapezoidal tiles by Marple et al. [1990] and was
used to implement the Tailor system [Marple et al. 1990]. Corner stitching
was later extended to curved tiles by Séquin and Façanha [1993]. Both
extensions are similar to the original data structure in that “the topological
and conceptual issues remain virtually unchanged” [Séquin and Façanha
1993]. The difference is that, in order to accommodate tiles of more complex
shapes than rectangles, “the low-level geometric operations are replaced
with procedures that are more sophisticated-and more difficult to imple-
ment” [Séquin and Façanha 1993]. Mehta and Blust [1997] extended the
corner stitching data structure of Ousterhout so that, in addition to
representing rectangular tiles, it also represented L-shaped tiles. This
extension required a modification in the topology of the corner stitching
data structure. It was seen that the LCS data structure, while retaining
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the advantages of corner stitching over simpler data structuring methods,
required less memory than the alternative approach of partitioning each
L-shaped object into two rectangular objects and then applying the original
corner-stitching techniques of Ousterhout [1984]. However, LCS was
slower than RCS by a factor of 2-3. Implementing the corner stitching data
structure is a rather tedious task, as in the following quote, attributed to
John Ousterhout, the inventor of the Corner Stitching data structure:
“Corner-Stitching is pretty straightforward at a high level, but it can
become much more complicated when you actually sit down to implement
things, particularly if you want the implementation to run fast....”[Séquin
and Façanha 1993].

Our own experience supports this opinion. Further, we note that the LCS
data structure is even more complex than the RCS data structure—which
only exacerbates the problem. In view of this, we derive in this paper a
general formula for the memory requirements of each of the RCS and LCS
data structures on a given layout. These formulas are expressed in terms of
geometric properties in the layout, called “violations of the CV property.” A
formula for the worst case RCS memory requirements was obtained in
Ousterhout [1984], and a formula for a layout similar to ours for the actual
RCS memory requirements was derived independently in Ku [1993]. How-
ever, the latter formula is not expressed in terms of the number of
violations, as defined in our paper. A follow-up paper by Mehta [1998]
describes an optimal Q~nlogn! algorithm for computing the number of
these violations in a layout and uses the formulas derived in this paper to
create a software tool to estimate the memory of corner stitching data
structures.

Section 2 briefly reviews the RCS and LCS data structures. Section 3
discusses the CV property and classifies its violations. Sections 4 and 5
obtain formulas for the memory requirements of RCS and LCS, respec-
tively. Section 6 contains experimental results and conclusions.

Fig. 1. Corner stitching.
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2. A REVIEW OF THE RCS AND LCS DATA STRUCTURES

The RCS data structure (Figure 1) is obtained by partitioning the layout
area into a number of rectangular tiles. There are two types of tiles: solid
and vacant, both of which are explicitly stored in the corner-stitching data
structure. Vacant tiles are obtained by extending horizontal lines from
exposed corners of all solid tiles until another solid tile or a boundary of the
layout region is encountered. The set of vacant tiles is unique for a given
set of solid tiles. Further, the partitioning scheme ensures that vacant tiles
are horizontally maximal (no two vacant tiles share a vertical side). Each
tile in RCS requires 28 bytes of memory. For details of the RCS tile
structure, see Ousterhout [1984]. The LCS data structure is used to store
solid L-shaped and rectanglar tiles. LCS also stores vacant space explicitly.
Horizontally maximal vacant tiles are formed by extending horizontal lines
from some corners of solid tiles so that all vacant tiles are either rectangles
or L- shapes, and no two vacant tiles can be merged to form a vacant
rectangle or L-shaped tile. Structurally, one may think of an LCS layout as
being formed from an RCS layout by merging pairs of vacant rectangles
into L-shapes. Figure 2 shows three possible configurations for the same
set of solid tiles. Layouts 2(a) and 2(b) are both valid. This shows that,
unlike RCS, LCS does not yield a unique partition for a given set of solid
tiles. Notice that layout 2(c) is invalid because vacant tiles 1 and 2 can be
merged to form an L-shaped tile. There are four L-shape types (Figure 3),
one for each orientation of the L-shape. The L-shapes are numbered
according to the quadrant represented by the two lines meeting at the

Fig. 3. Orientations of L-shapes (a) L1 (b) L2 (c) L3 (d) L4.

Fig. 2. Storing tiles in the LCS data structure.
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single concave corner of the L-shape. Each rectangular tile in LCS requires
28 bytes. L1-, L2-, and L4-shaped tiles require 36 bytes, and L3-shaped tiles
require 44 bytes. Details about the LCS tile structures may be found in
Mehta and Blust [1997]. Note that the space required by any L-shape is
less than the space required by two rectangles in RCS and that the space
required by a rectangle in LCS is equal to the space required by a rectangle
in RCS. This observation results in the following theorem [Mehta and Blust
1997], which we state without proof:

THEOREM 1. The LCS data structure never requires more memory than
the RCS data structure for the same set of solid rectangular tiles.

3. THE CV PROPERTY AND ITS VIOLATIONS

A layout consisting of solid, rectangular tiles is said to have the CV
property iff no two solid tiles touch each other and no two horizontal edges
of these tiles are collinear and mutually visible; i.e., it is not possible to
draw a horizontal line segment through two horizontal edges without the
segment intersecting a third solid tile. Actual VLSI circuits do not satisfy
the CV property. Violations of the CV property can be classified into
horizontal and vertical violations: a horizontal violation is said to occur
between two solid tiles A and B iff there exists a horizontal segment h such
that a segment of a horizontal side of A and a segment of a horizontal side
of B are contained in h, and no portion of any other tile is contained in h.
There are four types of horizontal violations as shown in Figure 4: same-
side, no-touching (sn); same-side, touching (st); opposite-side, no-touching
(on); opposite-side, touching (ot). Let hsn, hst, hon, and hot denote the
number of sn, st, on, and ot horizontal violations. Figure 5 shows three
cases where there is no horizontal violation between A and B. In each case

Fig. 4. Horizontal violations.
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there is a violation between A and B if C is removed. Vertical violations are
of two types: A same-side (ss) vertical violation is said to occur between two
solid tiles A and B iff there exists a vertical segment v such that v is the
union of a vertical side of A and a vertical side of B, and A and B are on the
same side of v. Let vs denote the number of such violations in the layout.
Figure 6(a) shows a same-side vertical violation between A and B, while, in
Figure 6(b), there is no violation between A and B. This is because v is not
the union of vertical sides of A and B. Next, we define an opposite side (os)
vertical violation. A vertical group of tiles is a maximal list of solid tiles (T1,
T2,..., Tm) such that there exists a vertical segment v where v is the union
of vertical sides of Ti for 1 # i # m, and Ti, for 1 # i # m, are on the
same side of v. v is known as the common side of the vertical group. An os
vertical violation is said to occur between two vertical groups G and H iff
there exists a vertical segment v such that (1) v is the intersection of the
common side of G and the common side of H, (2) G and H are on opposite
sides of v, and (3) v consists of more than one point. Let vo denote the
number of such violations in the layout. Figure 7(a) shows three vertical
groups (I), (II), and (III). There is an opposite-side, vertical violation
between (I) and (II) and (I) and (III). Figure 7(b) also shows three vertical
groups (each of which consists of exactly one rectangle). There is no
opposite-side vertical violation between any pair of groups. Lemma 1 below
follows from the preceding discussion and is stated without proof.

Fig. 5. There are no horizontal violations between A and B.

Fig. 6. Same-side, vertical violations.
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LEMMA 1. A layout satisfies the CV property if and only if it does not
contain any of the violations described above.

Figure 8 shows a layout, consisting of 19 solid tiles and 26 vacant tiles,
which violates the CV property. We first enumerate the horizontal viola-
tions: sn violations: (C, G), (G, J), (J, Q), (D, H), (O, R); st violations: (B, C);
on violations: (G, I), (E, I), (R, S); ot violations: (A, B), (C, D), (G, H), (I, L),
(L, N), (J, K), (K, M), (O, P), (Q, R). Next, we enumerate the vertical
violations: same-side violations: (A, B), (A, B), (G, H), (I, L), (L, N), (J, K),
(J, K), (K, M), (O, P), (O, P);1 opposite-side violations: (AB, C), (E, F), (ILN,
JKM), (ILN, OP). So, hsn 5 5, hst 5 1, hon 5 3, hot 5 9, vs 5 10, and vo 5 4;
and, the total number of violations k in the layout is 32.

1Note that there are two violations (A, B), (J, K), and (O, P) because, in each pair, both the left
vertical sides and right vertical sides of each rectangle are involved in a same side violation.

Fig. 8. Example layout with violations.

Fig. 7. Opposite-side, vertical violations.
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4. MEMORY REQUIREMENTS OF RCS

A formula similar to the one derived below was independently discovered
by Ku [1993]. However, their formula is not expressed in terms of the
number of violations as defined in this paper.

LEMMA 2. The RCS data structure representing a set of N solid rectan-
gular tiles with k violations of the CV property contains 3N 1 1 2 k
vacant tiles.

PROOF. We provide an outline of a constructive proof. Details of the
proof are omitted, but may be obtained in Mehta [1993]. At each stage, we
perturb sides of the solid tiles to eliminate violations. In each perturbation,
the number of violations eliminated is equal to the increase in the number
of vacant rectangles. Eventually, the layout contains no violations and,
from Lemma 1, the CV property is satisfied. A layout consisting of N solid
rectangular tiles that satisfies the CV property contains 3N 1 1 vacant
tiles [Ousterhout 1984]. The total increase in the number of vacant rectan-
gles is equal to the total number of eliminated violations, which is k. So the
number of vacant rectangles in the initial layout is 3N 1 1 2 k. Figure 9
shows that the elimination of an opposite side vertical violation by perturb-
ing the common side of a vertical group results in the creation of exactly
one vacant rectangle. e

5. MEMORY REQUIREMENTS OF LCS

Let D be an LCS layout consisting of N solid rectangular tiles. Let the
number of vacant L-shaped and rectangular tiles in D be l and r, respec-
tively. Let li be the number of vacant Li-shaped tiles, for 1 # i # 4 (so
l1 1 l2 1 l3 1 l4 5 l). Let k 5 hsn 1 hst 1 hon 1 hot 1 vs 1 vo be the
number of violations of the CV property in D. We have the following lemma.

LEMMA 3. r , 2~l3 1 l4! 1 3~l1 1 l2! 1 hot 1 vo 1 hon 1 hsn 1 1 in
layout D.

Fig. 9. Eliminating an opposite-side vertical violation.
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PROOF. The relationship between the set of vacant rectangular tiles and
the set of vacant L-shapes can be depicted by the mapping of Figure 10. We
join a point corresponding to an L-shape L to a point corresponding to
rectangle R if a top edge of L neighbors a bottom edge of R. A vacant
rectangle in D either has at least one preimage or no preimage in the
mapping. Let Rp denote the set of rectangles with the first property and Rn

the set of rectangles with the second property, with the exception of
rectangle r0 (whose definition follows), if it exists. r0 denotes the rectangle
representing the bottommost vacant horizontal strip in a layout that
extends from 2 ` to 1 `. (The vacant rectangle below E in Figure 1 is
such a rectangle.) We partition Rp into two sets R1 and R2 as follows:
consider a rectangle s e Rp with preimage t (by definition, t is an L-shape).
If rectangle s can be merged with one of the constituent rectangles of t to
form an L-shape, it belongs to R1. Otherwise, it belongs to R2. An L1- or
L2-shape can be the preimage of at most three rectangles in R1, while an
L3- or L4-shape can be the preimage of at most two rectangles in R1.Then
?R1? # 3~l1 1 l2! 1 2~l3 1 l4!. The cardinality of R2 is determined later.

Fig. 11. Possible configurations of vertically adjacen vacant tiles.

Fig. 10. Relationship between the set of vacant L-shapes and the set of vacant rectangles.
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Next, we consider rectangles in Rn. Let R3 denote the subset of Rn whose
bottom edges do not border any vacant rectangles and let R4 5 Rn 2 R3;
that is, vacant rectangles, each of whose bottom edges borders one or more
vacant rectangles, none of which can be combined with it to form an
L-shape (e.g., rectangle 1 in configurations (i) and (ii) of Figure 11.) Note
that the LCS definition ensures that two vertically adjacent vacant rectan-
gles that can be combined (e.g., rectangles 1 and 2 in Figure 11(iii)) to form
an L-shape are, in fact, combined. The lower edge of any rectangle in R3

must correspond to a segment of an upper horizontal edge of a solid tile—or
the upper edges of a sequence of solid tiles that have same-side horizontal
violations at their upper edges (Figure 12). Further, both ends of this
segment touch vertical sides of other solid tiles. Thus, each rectangle in R3

corresponds to two violations; these violations can either be opposite-side
vertical violations or opposite-side touching horizontal violations. A single
opposite-side touching horizontal violation can contribute to two rectangles
in R3, but an opposite-side vertical violation can only contribute to one
rectangle in R3. This gives the following upper bound on ?R3?:

?R3? # hot 1 vo / 2

# hot 1 vo (1)

Any rectangle in R2 or R4 is formed by one of the first two configurations
shown in Figure 11. These correspond to no-touching, same-side or oppo-
site-side, horizontal violations. Each of these violations contributes to at
most one vacant rectangle that cannot be combined with a vacant rectangle
below it. So

?R2? 1 ?R4? # hon 1 hsn (2)

The total number of vacant rectangles is bounded by ?R1? 1 ?R2? 1 ?R3?
1 ?R4? 1 1 (for r0). The theorem follows. e

THEOREM 2. The LCS data structure for layout D requires between
82N 2 18k and 103N 1 28 2 ~25 2 3b!k bytes, where

b 5
hot 1 vo 1 hon 1 hsn

k

Fig. 12. An element of R3 formed by a sequence of same-side horizontal violations.
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PROOF. Vacant L-shaped tiles are obtained by combining two vacant
rectangles in the RCS representation of D. We have, from Lemma 2,

r 1 2l 5 3N 1 1 2 k (3)

The total memory M required by D is

M 5 28~4N 1 1 2 k 2 2l! 1 36~l1 1 l2 1 l4! 1 44l3

5 28~4N 1 1 2 k 2 2l! 1 36~l 2 l3! 1 44l3

5 28~4N 1 1 2 k! 2 20l 1 8l3 (4)

The best case is obtained by maximizing l and simultaneously minimiz-
ing l3 ; i.e., by setting l 5 ~3N 1 1 2 k!/ 2 and l3 5 0. This gives a
memory requirement of approximately 28N 1 36~3N 2 k!/ 2 or 82N 2
18k bytes.

Using Equation 3 to substitute for r in the inequality of Lemma 3, and
rearranging terms, we get

5l1 1 5l2 1 4l3 1 4l4 1 ~1 1 b!k $ 3N (5)

Let l12 represent l1 1 l2, and l34 represent l3 1 l4. Further, let. Then l34

5 ~1 2 a!l. Substituting for l in Equation 5 and rearranging terms, we get

l $ ~3N 2 ~1 1 b!k! / ~a 1 4! (6)

The worst case memory requirements are obtained at minimum l. Substi-
tuting for l in Equation 2, we get

M 5 112N 1 28 2 28k 2 ~12 1 8a!~3N 2 ~1 1 b!k! / ~a 1 4! 2 8l4 (7)

For simplicity, set l4 5 0. This is a valid step because it can only result in
a larger value for M. This expression is maximized at a 5 0; so the worst
case storage requirement is

M 5 112N 1 28 2 28k 2 9N 1 3~1 1 b!k

5 103N 1 28 2 ~25 2 3b!k e (8)

5. RESULTS AND CONCLUSIONS

The graph in Figure 13 shows minimum and maximum percentage savings
in space for various values of k. k is expressed as a fraction of N, the
number of solid tiles in the layout.

The LCS and RCS data structures have previously been implemented in
C on a SPARCstation10 and tested on a number of layouts in Mehta and
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Blust [1997]. At this time, the actual memory requirements for these
layouts were recorded for both RCS and LCS. An optimal Q~nlogn!
planesweep algorithm was described and used to compute the number of
each type of violation in Mehta [1998] for the same set of layouts as Mehta
and Blust [1997]. Theoretical estimates were obtained by substituting the
quantities obtained by the planesweep algorithm in the formulas of this
paper. The results are tabulated in Table I, which compares the actual and
estimated memory requirements of RCS and LCS. Note that for the layout
consisting of 60,000 tiles, the worst case estimate for RCS [Ousterhout
1984] exceeds our estimate for RCS (which is exact) by over 22%, and the
mean for our best case and worst case LCS estimates is within 4% of the
actual, while the worst case estimate for RCS [Ousterhout 1984] (the only
estimation method previously available) is within 50% of actual.

An apparent weakness of our LCS data structure estimation process is
that the estimated memory requirements of a layout could lie anywhere
within a range of values. However, the LCS data structure has the property
that the same set of solid tiles can have many representations (e.g., see
Figure 2). Furthermore, it can be shown that the actual LCS representation
for a given set of solid tiles depends on the order in which tiles are inserted

Fig. 13. Graph showing the best and worst case percentage savings obtained by using LCS
instead of RCS for different k and b. The solid curve shows the maximum percentage savings
of LCS over RCS for different k. The two dashed curves show the minimum percentage
savings of LCS over RCS. The upper curve represents b 5 0 and the lower curve b 5 1. Since,
0 # b # 1, any curve that represents the minimum percentage savings must lie between the
two dashed curves.
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into the data structure. Different representations of the same set of tiles
have different memory requirements. Hence, our estimation process’s in-
ability to produce an exact value for the memory requirements of a layout
is a consequence of the representation method (and not of the estimation
process). However, it may be possible to obtain a tighter range for the LCS
memory requirements by employing more rigorous analytic techniques.

The techniques in this paper can be trivially extended to LCS layouts
with solid L-shaped tiles by viewing each L-shape as a pair of rectangles
having an ot horizontal and an ss vertical violation. It is expected that they
can be extended to the trapezoidal and curved versions of the corner
stitching data structure.
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Table I. Comparison Of Experimental Observations and Theoretical Estimates

No. of Tiles

LCS Memory Reqmts (KB) RCS Memory Rqmts (KB)

actual best case worst case actual[ours] worst case[1]

5001 349.1 324.9 404.2 427.7 560.1
10000 700.5 651.4 810.6 857.8 1120.0
15000 1058.4 983.8 1224.6 1297.0 1680.0
20000 1421.3 1320.2 1644.1 1742.6 2240.0
25000 1782.1 1655.1 2061.8 2185.8 2800.0
30000 2154.5 2000.1 2492.4 2644.6 3360.0
35000 2531.4 2347.9 2926.8 3107.9 3920.0
40000 2905.6 2692.3 3356.9 3565.9 4480.0
45000 3296.6 3053.4 3808.9 4049.8 5040.0
50000 3688.8 3416.3 4263.3 4536.4 5600.0
55001 4074.3 3771.1 4707.2 5010.6 6160.1
60000 4470.4 4138.1 5167.5 5503. 6720.0
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